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Abstract
This thesis contains three parts: 1) The briefly review of chiral P, N-ligands. 2) The summary
of triazole as ligands. 3) The attempt of designing, synthesizing the chiral triazole ligands.
In the first part, we have reviewed all the major P, N-ligands in the history, including how they
were synthesized and resolved into single enantiomer. We also used some examples to show their
utility potential in different reactions.
In the second part, we summarized the triazole ligands which mainly developed by our group
including their structures, their potential and utility in different types of chemical reactions.
In the last part, we tried to design, synthesize our own version of chiral triazole ligand. We
explored different ways of synthesizing the triazole compound and replacing different substituted
groups but it ended up without stable chirality in the room temperature. The goal needs further
exploring.

v

Chapter 1: Introduction of Chiral P, N Ligand in Metal Organic Chemistry
1.1 Chiral ligand in metal organic chemistry
The first chiral ligand was DIOP reported by Dang and Kagan in 19711.After that, there are
lots of chiral ligands designed by different groups. Before 2000, most so called privileged ligand
posed C2-symmetry such as DIOP, BINAOL, BINAP. 2 It was assumed the C2 axial can reduce the
number of both possible substrate catalyst conformations and potential reaction pathways. Given
the advantage of C2 axial, there are some problems with it because the two binding atoms must be
the same which makes it hard to fit the specific electron requirement for individual reactions. As
the result, the most famous reaction catalyzed by BINAP is hydrogenation which can be carried
out just with two other PPh3 to replace the BINAP which indicate that the reaction by BINAP only
take the advantage of stereo effect of the BINAP. Further studies even showed that even the ligand
had the C2 symmetry, in the key or stereo-determine step, the two binding atoms were interreacting
with metal differently which broke the C2 symmetry.3. As a result, tuning each donor atom to
accommodate a specific purpose in the catalytic cycle has led to ligand desymmetrization
becoming a key feature in ligand design and application. The most common attempt is to change
one of the P atom into N, S. This kind of changing is easy to tuning how strong the electron donor
is as N and S, and how strong the p acceptor is as P which can stabilize low oxidation state.
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1.2 Chiral P, N ligand in metal organic chemistry

Figure 1. Axially chiral P,N-ligands.
The history of Chiral P,N ligand is not too much shorter than the C2-ligand. While Noyori
was working in the BINAP, Hayashi and Kumada successfully applied ferrocene-based P,Nligands in a range of catalytic asymmetric transformations, in particular for C−C and
C−heteroatom couplings.4. Their success encourage people to find more P,N ligands.
Since that time, there are already seven significant P,N ligands which showed in Figure 1
which contains Quinap discovered by Brown in 1991, Quinazolinap by Guiry in 1999, PyPhos by
Chen in 2002, Pinap by Carreira in 2004, Quinazox by Guiry in 2006, StackPhos by Aponick in
2013 and StackPhim by Guiry and Aponick in 2017. The similarity in P,N ligand is that they have
electron hard N as s donor which can increase the chelation rigidity and the electron soft P as p
acceptor which is easily turn-able.
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1.3 Synthesis and resolution of P, N ligands
The Quinap was first synthesized by Brown using the Suzuki coupling as showed in Figure
2.

Figure 2. Synthesis of Quinap
Using the Suzuki coupling to build the key Ar-Ar bond is very efficient and high yield. Using
5 (R)- or (S)-1′-dimethylamino-1- ethylnaphthalene, they successfully resolved the enantiomers of
Quinap 4 as showed in Figure 3. This resolution is not very efficient using stoichiometric amount
of Pd, and cannot be occur before the P is introduced which makes every new Ar group needs to
do the resolution every time.5

Figure 3. Resolution of Quinap
3

As for the synthesis of Guiry’s Quniazolinap synthesis, he also used the same strategy as
Brown. The only difference is that they used Ni to do the coupling to introduce the PPh 2 group.
And they also used the same compound to do the resolution which showed in Figure 5.
The only difference is that because Quniazolinap is more bulky than Qunap, it takes less time
to react with compound 2 to form two different diastereomers 10. And for its different analogs, i.e.
when they change Ph groups to other groups, they need to use different solvent to recrystallize 10.6

Figure 4. Synthesis of Quniazolinap

Figure 5. Resolution of Quniazolinap
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The synthesis of PyPhos by Chan was assumed to use chiral pure compound 11 to synthesis
single enantiomer 12. The reaction is very successful without any losing ee. However, by
converting 12 to 13.
It turns out they got the racemic mixture of PyPhos 13 as showed in Figure 6, which could
because the temperature was too high. Since no phosphination method could be carried below 110℃
at that time, they had to try to separate the racemic mixture. They tried different salt and found out
the PF6 as counter ion can successful recrystallize the mixture with compound 2 and PyPhos as
showed in Figure 7. 7

Figure 6. Synthesis of PyPhos
The Pinap backbone can be synthesized by Friedel−Crafts coupling of the dichlorophthalazine
with 2-naphthol. The reaction is selectively because for the dichlorophthalazine it is SNar
mechanism. Phosphination of 16, using the same methodology as in the synthesis of Quinap and
Quinazolinap, 17 is obtained as diastereomers. They diastereomers can be separated by flash
column. 8

5

Figure 7. Resolution of PyPhos

In an attempt to prepare Quinazolinap ligands that could be resolved without the need to form
chiral Pd complexes, Guiry reported the synthesis of the Quinazox ligands. Compund 18 was
synthesized by 9 steps, then applying it to react with chiral amino acid with Cu forming the ligand
19 as showed in Figure 9. The two diastereomers can be separated by column.9

Figure 8. Synthesis of Pinap

6

Figure 9. Synthesis of Quinazox
The core of StackPhos was synthesized by condensation form available compound 20 with
benzil and ammonium acetate. Followed by TBS protection of the free hydroxy group then using
the SN2 reaction to install the pentafluorobenzyl group. Finally, by the deprotection and Ni
catalyzed C-P bond Coupling forming the rac-StackPhos 23 as showed in Figure 10.
The StackPhos is the first P,N ligand which contains a five member ring without fast
racemization in room temperature because the π-π stacking interaction between the low electron
density Ar ring C6F5 and relatively high electron density naphthalene ring. As for the resolution,
they used the same method as the Quinap and Quniazolinap with compound 5. 10
The idea of Phim or StackPhim was inspired by the StackPhos and its form ligands which
intend to solve the problem of using stoichiometric Pd complex 4 to carry the resolution of
StackPhos. The ligand was synthesized and reported by Guiry group and Aponick group
independently. The ligand was synthesized straight by five steps. The key step is the first step from
24 to 25 forming the imidazoline by NBS catalyzed ring closure reaction.

7

Figure 10. Synthesis of rac-StackPhos

Figure 11. Synthesis of StackPhim
The advantage of this ligand is that This ligand can be accessed easily in enantiopure form
either by fractional crystallization or column chromatography.
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1.4 Applications of P, N ligands
The applications of P, N ligands contain a lot of reactions with different metals such as Rh,
Pd, Cu, Ag, Ni, and several reactions which are hydroboration reaction, diboration reaction, A3coupling reaction, Buchwald−Hartwig Amination and Alkynylation, 1,3-dipole addition.
Quinap showed excellent results in the Rh-catalyzed asymmetric hydroboration of vinyl
arenes as showed in Figure 12, which was better than Binap. For Binap, to achieve the reactions,
it requires -78℃ to achieve high selectivity.11 Quniazolinap, PyPhos, and Pinap are also good
ligands in this reaction.

Figure 12. Hydroboration of Vinyl Arenes with Quinap
For the Pd catalyzed reaction, the most representative one for P,N-ligands is the allylic
alkylation reaction. As showed in Figure 13, Quniazox can achieve 95 percent yield and 60 percent
ee. 12 The Pinap ligand and Quniazolinap can also be applied in this reaction with good result.

Figure 13. Allylic Alkylation with Quinazox
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β-borylation of α,β-unsaturated esters is another common reactions for the P,N-ligands, as
showed in Figure 14, the Quniazolinap ligand can be applied in this reaction and give a medium
conversion and ee value. 13 Quinap can also be applied in this reaction with 72% ee.

Figure 14. β-borylation of α,β-unsaturated esters with Quniazolinap
For the StackPhos and StackPhim ligands, the most important reaction is A3-coumpling
reaction, as showed in Figure 15, the StackPhos gives out very high yield and enantiomer
selectivity.14

Figure 15. A3-coupling reaction with StackPhos
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Chapter 2: Introduction of Triazole Ligand
2.1 Triazole ligand in metal organic chemistry
It was not very far from now since the triazole was found by Shi that could be ligand in
catalysis. 15. Since that time, the triazole was found could be bind with different metals such as Rh,
Ir, Au, Pd and showed significant difference properties than the traditional nitrogen ligands. We
believe due to its highly electron deficient p system, it is a very good p acceptor.
In gold chemistry, triazole ligands not only bind well and show good activities but also very stable
in high temperature since Shi discovered the triazole could be ligand for gold in 2009. As showed
in Table 1, the triazole ligand binding gold is significant better than traditional Ph3PAuX or
IprAuNTf2.
In 2009, Shi group also discovered that triazole can be bind with Rh, as showed in Figure 16,
the two nitrogens of triazole both serve as binding site. And the complex was tested with PausonKhand reaction also showed in Figure 16. The reaction showed almost same yield with
[Rh(COD)Cl]2, which means triazole ligand for Rh is not necessary superior ligand for this
reaction but at least it is a kind of new type of ligand.16
In palladium chemistry, there are also triazole ligands which bind with palladium well or
better define it as directing group. In 2016, our group has found the complex by XRD as one of
the assumed intermediate in the C-H activation reaction showed in Figure 17. In this reaction,
11

other directing groups like pyridine like groups are worse than the triazole which could mean that
triazole is a better ligand for Pd.17
Table 1. Comparation between AuTA with traditional Au catalyst

Figure 16. Triazole Rh complex and catalyzed Pauson-Khand reaction
12

Figure 17. Triazole Pd complex and catalyzed C-H activation reaction
The same year, our group synthesized triazole Ir(III) complex and used XRD to confirm the
structure of it. And by doing some basic photo reaction, we proved its potential to become a new
kind of ligand in Ir(III) photo reaction.18

Figure 18. Triazole Ir complex and catalyzed photo reaction
As we can see, although triazole has showed potential to be a good ligand with many metals
but there is an area we have not touched yet which is the chiral version of triazole ligand.
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Chapter 3: Design, Synthesis of Chiral Triazole Ligand
3.1 Exploring to the synthesis of chiral triazole ligand
Although the only five-member ring relative ligand is Aponick’s Stackphos and later
Stackphim, we still want to see what is going to happen if we simply use triazole as a part in the
ligand. Directing by that idea, we show our core design as compound 28. This triazole has the
advantage of triazole which is easy to synthesize, and also, the R2 group is easy to change

Figure 19. Chiral Triazole Core

Figure 20. First Synthesis Route to Chiral Triazole
14

which means easy to derivative. The most important point is that the OH group is acidic so we can
use chiral base to separate the two enantiomers. Giving so many advantages, we started our
synthesizing.
We decide that the R1 to be the PhCO group and R2 to be the Bn group, and started our
synthesizing from compound 29. After placing the iodine on the ortho position of the OH, we
protect the OH group and conducting the compound through a Sonogashira coupling reaction.
After deprotecting the TMS group, using n-BuLi as base to de-proton the terminal alkyne 33 then
trap it with the PhCOCl, forming the compound 34. With simple click reaction and then further
SN2 reaction with BnBr, we got 2 compounds 36a and 36b. Our desire product is compound 36a
but unluckily, the Bn group on the triazole does not show AB pattern as showed in Figure 20 but
the 36b shows AB pattern. Therefore, the 36b is an actual chiral molecule in room temperature but
36a is not or we can say that 36a racemize too fast in room temperature. But according to our
design, we need the molecules like 36a to be our ligand.

Figure 21. AB pattern of 36b
So here comes the problem why it racemizes so fast in room temperature. Our hypothesis is
as we showed in Figure 22, 36a has two configurations, but the favor configuration is the left one.
15

Reasons are quite obvious, just like anomeric effect, the dipole effect and donor-acceptor effect
favor the left one, and the repulsion effect disfavor the right configuration. Therefore, our next step
is trying to minimize these effects.

Figure 22. Two configurations of 36a
Our first attempt is to using Grignard reagent to add another phenyl group and make the
carbonyl becoming hydroxy. But after the reaction, we still did not see the separate of the two
hydrogens.

Figure 23. Addition of Ph to minimize the effects
Getting this result, we were thinking that maybe there were still the effects, if we could turn
the hydroxy into OTMS group, it might be better. However, the reaction failed, the only mass
signal was the reactant minus.

Figure 24. Transfer the OH to OTMS
16

At that time, we thought that there was not way to transfer the hydroxy to OTMS but maybe
we could reduce the carbonyl group to two hydrogens. After trying the Pd/C hydrogen gas and
TsN2H3 with reductant which did not work, we found that the triethyl silicane combines with TFA
could reduce the compound with excellent yield. However, to our surprise, none of the two benzoyl
groups showed the AB pattern. It showed that our hypothesis was wrong, it was simply the groups
were not big enough to stop the rotation in room temperature.

Figure 25. Fully reducing the carbonyl group
To prove this, we did the VT-NMR, the result showed that the compound need 5℃ to show
the AB pattern but only for the left benzyl group. For the benzyl group on the nitrogen, it needs 15℃. These findings indicated that the groups are not big enough to stop the rotation.
At that time, we turned our version back to the C6F5 group, we thought it could be the safest
way to achieve the high enough rotation barrier. We are using the almost same route to synthesis
the C6F5 version. The first problem occurred using n-BuLi to do the diproton of the alkyne then
doing the substituted reaction, because of the electron poor carbonyl group, the yield became so
low as 30 %. But at least we can get the product, the real problem was the last step, so we cannot
reduce the carbonyl, we tried all the ways of reducing we had but they did not work, and it was
17

so hard to synthesis even 44b in grams scale, in the meantime, the 44b has no AB pattern, so we
finally decided to give up this route. But maybe we can use other way to achieve the synthesis of
the final compound.

Figure 26. VT-NMR of 37

Figure 27. C6F5 version chiral triazole first route
18

Based on our knowledge, the PMP(p-Methoxyphenyl) group can be one of the protecting
groups for triazole compound, we were thinking that we can install the C6F5 group after the
synthesis of triazole then do other modification to the triazole to achieve the whole synthesis. With
these knowledges in mind, we designed a new synthesis route showed as Figure 28. We
synthesized the triazole without the second group on another carbon, then we install the PMP
protecting group on the nitrogen. We were hoping to deproton the compound 45 then do the
substituted SN2 reaction with bromopentafluorobenzene. But it did not work. We had some hypothesis about why it did not work like the bromopentafluorobenzene is too acidic or the compound
45 cannot react with nBuLi in the position we want, we did a rough H-D exchange reaction to
prove it.

Figure 28. C6F5 version chiral triazole second synthesis route
We have to figure out different ways to raise the energy barrier of the rotation. Our first idea
is to replace the benzyl group into phenyl group. This time the synthesis become much easier,
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because there were reactions on hand that we could use to coupling the carbon position of triazole
with aromatic halide compound. We achieved the synthesis very soon after exploiting the best
conditions for the coupling reaction. The only drawback was that we have to use a protecting group
to stabilize the triazole in the coupling reaction, otherwise the triazole is going to mess the whole
reaction up. But problem comes out when we were trying to remove the PMP group, as we know
and the literature reported, the PMP group can be removed easily by oxidizing of CAN
(Ammonium Cerium (IV) Nitrate), but we can only see the nothing in the mass-spectroscope after
the reaction. It seems like the CAN decomposed the whole compound not only the PMP group.
We did some literature digging and found out several oxidants which had the potential to remove
the PMP group, but as showed in Table 2 below, none of them worked. This was a dead end again.
The solution seems obvious, by changing to a better protecting group which could be PMB group
that we had better chance to deprotect.

Figure 29. C6F5 version chiral triazole synthesis route two
20

We did not anticipate that problem came so dramatically: the reaction which suits the PMP
group so well did not work on PMB group at all as showed in Table 3. We tried different conditions
but there was almost no product even in the LC-MS, which means there could be no way we figure
that reaction out. This result basically announced the dead of this route.

Table 2. Trying of Different Oxidant to Remove the PMP

But good news was that we had more route or method to accomplish the synthesis for the
whole-aromatic triazole compound. We chose the PIDA mediated triazole synthesis method and
designed a new route showed in Figure 30. Just using two weeks we got the compound 52, but it
had no split in room temperature. We tried to replace the R2 group to bulkier group like naphthyl
and tert-butyl but as we showed in Figure 31 and 32, it has no spilt either.

21

Table 3. Trying of Different Conditions to Coupling PMB-Triazole with 38

Figure 30. Route Based on PIDA Mediated Ph-Triazole Synthesis

Figure 31. Route To Replace Ph with Naphthyl
22

Figure 32. Route To Replace Ph with tert-butyl
After we tried almost everything, we can do with the group R2, we also explore that what if we
change the R1 group. Our main idea was that if we could introduce a metal on the R1 group which
could bind with the OMe or OBn group, then the problem could be solved. With this idea, we
designed and carried out the synthesis in Figure 33. Out of our expected, there were only one
product and after we using the XRD certify its structure, it turns out to be the unexpected product
just like 36b, but this time we even cannot find the other product.

Figure 33. Route to change R1 group

23

Figure 34. The XRD structure of 63
There was almost nothing that we could do about this whole thing, we could only try if we
deprotect the OMe group and replace it with PPh2, but we never finished as showed in Figure 35.

Figure 35. Transfer OMe to PPh2

3.2 Conclusion
In summary, we designed a series of triazole compound with different substituted groups, we
meant to develop a series of chiral triazole as ligand, but due to the time limit and capability limit,
after synthesizing several compounds, we have not reached our goal. The goal is remained for
future exploring.

24

3.3 Experiment data
I GENERAL INFORMATION

Unless otherwise noted, all reagents and solvents were obtained from a commercial provider
and used without further purification. Flash column chromatography was performed on 230-430
mesh silica gel.
1H NMR (400 MHz), spectra of samples in CDCl3 were recorded on Agilent400 MHz
spectrometers. 1H NMR (600 MHz), 13C NMR (151 MHz), H-H COSY and gHSQC spectra were
acquired at 25℃ on a Varian INOVA 600 MHz spectrometer equipped with a tripleresonance zaxis pulsed field gradient 5 mm Probe. Chemical shifts were reported relative to internal
tetramethylsilane (d 0.00 ppm) or CDCl3 (d 7.26 ppm) or DMSO-d6 (2.50 ppm) for 1H NMR and
CDCl3 (d 77.00 ppm), DMSO-d6 (40.00 ppm) for 13C NMR. HRMS were recorded on Agilent
6540 LC/QTOF spectrometer.
ESI-MS and TWIM-MS were recorded on Thermo Scientific Orbitrap Q Extractive Plus
(Bremen,Germany) in the positive ion mode. We used the following conditions to perform TWIMMS experiments: sample cone voltage, 30 V; extraction cone voltage, 3.0 V; ESI capillary voltage,
3kV; source temperature, 80℃; desolvation temperature, 100℃; cone gas flow, 10 L/h;
desolvation gas flow, 700 L/h (N2); source gas control, 0 mL/min; trap gas control, 2 mL/min;
helium cellgas control, 100 mL/min; ion mobility (IM) cell gas control, 30 mL/min; sample flow
rate, 5 μL/min; traveling wave height, 25 V; and traveling wave velocity, 1000 m/s.
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II SYNTHESIS PROCEDURE

Synthesis of Compound 30
Compound 29 (4.32 g, 30 mmol) was dissolved in 300 mL CH3CN(10 mL/1 mol), then the
solution was added the TsOH(0.12 g 0.2 eq) under stirring, then the NIS(7.42 g1.1 eq) was added
slowly into the reaction. After stirring for 15 hours, Na2S2O3 was added into the solution to quench
the reaction until the dark color faded. Then transfer the solution to separation funnel, extracted
by EA(300 mL 10 mL/mol) for three times. The organic layer was added NaOH(1 M) solution
until the water layer’s color became full dark then the water layer was extracted by EA(300 mL 10
mL/mol) 3 times. Discard the organic layer and transfer the water layer into a flask, HCl(1 M) was
added while stirring until the color faded. After being stirred for an additional 30 min, the
precipitate was filtered, washed with water and hexane and dried to give 30 6.00g as orange solid
(74%)
1

H NMR (400 MHz, CDCl3) δ: 7.90 (dd,J = 8.5, 1.1 Hz, 1 H), 7.70 (dd, J = 8.1, 1.3 Hz, 1 H),

7.51 (ddd, J = 8.5, 6.9, 1.3 Hz, 1 H),7.69 (d, J = 8.7 Hz. 1 H), 7.35(ddd, J = 8.1, 6.9, 1.1 Hz, 1 H),
7.22 (d, J = 8.7 Hz, 1 H).

Synthesis of Compound 31
Compound 30 (6 g 22.2 mmol) was dissolved into 100 mL CH3CN under ice bath, then K2CO3
(6.3g 44.4 mmol 2 eq) was added into the solution while stirring. Finally, The CH3I(3.5 g 24.42
mmol, 1.1eq) was added into the solution. After stirring overnight, the whole solution was
26

evaporated with rotation evaporation to get rid of most of the DMF. Saturated brine was added into
the solution and then solution was extracted 3 times with EA. The organic layer was kept and dried
then evaporated to form the crude product. After flash column, the pure product 31 (6.01 g ≥95%)
was formed as white solid.
1

H NMR (400 MHz, CDCl3) δ: 8.13 (dd, J = 8.5, 0.8 Hz, 1 H) , 7.78 (d, J = 8.9 Hz, 1H), 7.71 (dd,

J = 8.2, 0.7 Hz, 1 H), 7.52 (ddd, J = 8.5, 6.9,0.7 Hz, 1 H), 7.36 (ddd, J = 8.2, 6.9, 0.8 Hz, 1 H),
7.16 (d, J = 8.9 Hz,1 H), 3.98 (s, 3 H).

Synthesis of Compound 32
To a stirred suspension of 5 g (17.7 mmol) 1-iodo-2-methoxynaphthalene 31 and PdCl2(PPh3)2
(0.62 g 5 mol%) under a nitrogen atmosphere in dried TEA(100 mL) were added CuI (0.34 g 10
mol%) and then 2.62g ethynyltrimethylsilane and heated to 80°C. The course of the reaction was
monitored by TLC(at least 8 h). After completion of the conversion the mixture was allowed to
come to r. t., the organic phase was washed thrice with water. The aqueous phase was re-extracted
once, the combined organic layers were dried over MgSO4, the solvent was removed under
reduced pressure and the residue was purified by flash-chromatography to give 3.98 g (88%) 32
as yellow oil.
1

H NMR (400 MHz, CDCl3) δ: 8.26 (1 H, dd, J = 8.5 Hz, J = 1.1 Hz), 7.81 (1 H, d, J= 9.1 Hz),

7.78-7.76 (1 H, m), 7.55 (1 H, td, J = 8.3 Hz, J = 1.3 Hz), 7.38 (1 H, td, J = 8.1Hz, J = 1.1 Hz),
7.22 (1 H, d, J = 9.1 Hz), 4.03 (3 H, s), 0.36 (9 H, s)
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Synthesis of Compound 33
A suspension of 32 (4.5 g, 1.77 mmol) and K2CO3 (5 g) in dried methanol under nitrogen
atmosphere was stirred for 5 h. After that the solvent was removed under reduced pressure and the
residue was taken up with sat. NaHCO3 and extracted thrice with CH2Cl2. The combined organic
layers were dried over MgSO4 and concentrated in vacuo to give 33 (2.4 g, 74%) as a yellow solid.
1

H NMR (400 MHz, CDCl3) δ: 8.28 (1 H, dd, 3J = 8.5 Hz, 3J = 8.5 Hz), 7.85 (1 H, d, 3J= 9.1 Hz),

7.79 (1 H, d, 3J = 8.1 Hz), 7.56 (1 H, td, 3J = 8.5 Hz, 4J = 1.3 Hz), 7.39 (1 H, td, 3J
= 8.1 Hz, 4J = 1.3 Hz), 2.26 (1 H, d, 3J = 9.1 Hz), 4.05 (3 H, s), 3.76 (1 H, s)

Synthesis of Compound 34
n-BuLi (1.6m solution in hexanes, 6.5 mL, 10.4 mmol) was added dropwise with stirring at

-

78°C to a solution of 1-ethynylnaphthalene (1.82 g 10 mmol) in THF (30 mL). The temperature
was raised to 0°C for 20 min, and the system was then again cooled to -78°C, whereupon the
benzoyl chloride (10 mmol) was added dropwise. The temperature was raised to 25°C for 30 min,
and the reaction mixture was additionally stirred for 2 h. Then water was added into the solution
to quench the reaction. The whole mixture was extracted three times with EA. The organic layer
was washed by brine and then dried by Na2SO4, then the solvent was evaporated in vacuum, the
residue was purified by flash column to give 34 (1.48 g 50%)as white solid.
1

H NMR (400 MHz, CDCl3) δ: 8.46 (m, 2H), 8.40 (d, J = 8.5 Hz, 1H), 8.01– 7.32 (m, 8H), 4.16

ppm (s, 3H);
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Synthesis of Compound 35
To a stirred suspension of compound 34 (2.86 g, 10 mmol) DMSO solution, NaN3 (0.78 g) was
added. The reaction was heated to 80°C. After 12 h, the reaction is cooled down, HCl was added
into the solution. The solution was extracted by EA three times. The organic solution was dried
over Na2SO4 and the solvent was evaporated in vacuum to give raw Compound 35(2.30 g). The
compound was too polar to get the pure product.

Synthesis of Compound 36a and 36b
To a stirred suspension of compound 35 (2.30 g 7 mmol) acetone solution, K2CO3 (1.93 g 14 mmol)
was added. After stirring for 5 minutes, BnBr (2.39 g 14 mmol) was added. The reaction was
stirring for 12 h. The whole reaction was evaporated in vacuum to get rid of the remaining BnBr,
then residue was washed with HCl(1 M) and EA. The organic solution was dried over Na2SO4 and
the solvent was evaporated in vacuum to give the mixture. The mixture was purified with flash
column to give 36a (1.00 g 35%) and 36b (1.00 g35 %) as white solid.
36a 1H NMR (400 MHz, CDCl3) δ: 8.28 (d, J = 7.5 Hz, 2H), 7.97 (d, J = 9.1 Hz, 1H), 7.81 (d, J =
8.0 Hz, 1H), 7.50 (d, J = 7.4 Hz, 1H), 7.41 (t, J = 7.6 Hz, 2H), 7.28 (m, 3H), 7.15 – 7.03 (m, 3H),
6.98 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 7.2 Hz, 2H), 5.36 (d, J = 14.7 Hz, 1H), 5.18 (d, J = 14.8 Hz,
1H), 3.60 (s, 3H).
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36b 1H NMR (400 MHz, CDCl3) δ: 7.97 (d, J = 7.4 Hz, 2H), 7.85 (d, J = 9.0 Hz, 1H), 7.78 (d, J =
7.8 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.52 – 7.28 (m, 10H), 7.17 (d, J = 9.1 Hz, 1H), 5.79 (s, 2H),
3.62 (s, 3H).

Synthesis of Compound 37
To a stirred suspension of compound 36b (1 g, 2.4 mmol) dry TFA solution (10 mL), HSiEt3 (0.279 g, 0.25 mL) was add under ice bath, the reaction was keeping in ice bath for 12 h. After 12
h, KHCO3 solution was add to quench the reaction. The mixture was extracted by EA three times.
The organic layer was dried with Na2SO4, then give the raw product under reduced pressure. The
raw product was purified by flash column to give the pure compound 37 (0.92 g, 95%)
1

H NMR (400 MHz, CDCl3) δ: 7.87 (d, J = 8.9 Hz, 1H), 7.77 (d, J=9.1 Hz 1H), 7.29 (m, 9H), 7.04

(d, J = 6.3 Hz, 3H), 6.92 (d, J = 6.0 Hz, 2H), 5.66 (s, 2H), 3.83 (s, 2H), 3.65 (s, 3H).

Synthesis of Compound 38
To a solution of 1-iodonaphthalene (4.05 g, 15 mmol) and benzyl bromide (3.85 g,
22.5 mmol) in acetone (250 mL) was added K2CO3 (3.11 g, 22.5 mmol). The resulting
mixture was stirred at room temperature for 13 h and then at reflux for 6 h. The reaction
mixture was filtered and washed with CH2Cl2. The combined filtrate was concentrated
and the residue was purified by a silica gel column chromatography give 38 (3.90 g, 10.8 mmol,
75% yield) as a colorless solid.
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1

H NMR (400 MHz, CDCl3) δ: 8.29 (d, J = 8.0 Hz, 1H), 7.74 (d, J =8.0 Hz, 1H), 7.69 (d, J = 9.2

Hz, 1H), 7.55−7.48 (m, 3H), 7.39−7.33 (m, 3H), 7.32−7.28(m, 1H), 7.21 (d, J = 9.2 Hz, 1H), 5.29
(s, 2H),

Synthesis of Compound 39
To a stirred suspension of 6.37 g (17.7 mmol) 38 and PdCl2(PPh3)2 (0.62 g 5 mol%) under a
nitrogen atmosphere in dried TEA(100 mL) were added CuI (0.34 g 10 mol%) and then 2.62g
ethynyltrimethylsilane and heated to 80°C. The course of the reaction was monitored by TLC(at
least 8 h). After completion of the conversion the mixture was allowed to come to r. t., the organic
phase was washed thrice with water. The aqueous phase was re-extracted once, the combined
organic layers were dried over MgSO4, the solvent was removed under reduced pressure and the
residue was purified by flash-chromatography to give 4.09 g (70%) 39 as yellow oil.
1

H NMR (400 MHz, CDCl3) δ: 8.23 (d, J = 8.8 Hz, 1H), 7.79–7.74 (m, 2H), 7.57–7.55 (m, 3H),

7.40–7.34 (m, 3H), 7.31–7.24 (m, 2H), 5.31 (s, 2H), 0.33 (s, 9H)

Synthesis of Compound 40
A suspension of 39 (5.84 g, 1.77 mmol) and K2CO3 (5 g) in dried methanol under nitrogen
atmosphere was stirred for 5 h. After that the solvent was removed under reduced pressure and the
residue was taken up with sat. NaHCO3 and extracted thrice with CH2Cl2. The combined organic
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layers were dried over MgSO4 and concentrated in vacuo to give 40 (3.79 g, 83%) as a yellow
solid.
1

H NMR (400 MHz, CDCl3) δ: 8.29 (d, J = 8.4 Hz, 1H), 7.78–7.75 (m, 2H), 7.57–7.50 (m,

3H), 7.39–7.22 (m, 5H), 5.35 (s, 2H), 3.75 (s, 1H).

Synthesis of Compound 41
n-BuLi (1.6m solution in hexanes, 6.5 mL, 10.4 mmol) was added dropwise with stirring at

-

78°C to a solution of 40 (2.58 g 10 mmol) in THF (30 mL). The temperature was raised to 0°C for
20 min, and the system was then again cooled to -78°C, whereupon the benzoyl chloride (10 mmol)
was added dropwise. The temperature was raised to 25°C for 30 min, and the reaction mixture was
additionally stirred for 2 h. Then water was added into the solution to quench the reaction. The
whole mixture was extracted three times with EA. The organic layer was washed by brine and then
dried by Na2SO4, then the solvent was evaporated in vacuum, the residue was purified by flash
column to give 41 (1.35 g 30%) as white solid.
1

H NMR (400 MHz, CDCl3) δ：8.31 (d, J = 8.4 Hz, 1H), 7.78–7.75 (m, 2H), 7.57–7.50 (m,

3H), 7.39–7.22 (m, 5H), 5.36 (s, 2H)

Synthesis of Compound 42
To a stirred suspension of compound 41 (0.90 g, 2 mmol) DMSO solution, NaN3 (0.16 g) was
added. The reaction was heated to 80°C. After 12 h, the reaction is cooled down, HCl was added
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into the solution. The solution was extracted by EA three times. The organic solution was dried
over Na2SO4 and the solvent was evaporated in vacuum to give raw 42(0.693 g). The compound
was too polar to get the pure product.

Synthesis of Compound 43
To a stirred suspension of compound 42 (0.99 g 2 mmol) acetone solution, K2CO3 (0.55 g 4 mmol)
was added. After stirring for 5 minutes, BnBr (0.68 g 4 mmol) was added. The reaction was stirring
for 12 h. The whole reaction was evaporated in vacuum to get rid of the remaining BnBr, then
residue was washed with HCl(1 M) and EA. The organic solution was dried over Na2SO4 and the
solvent was evaporated in vacuum to give the mixture. The mixture was purified with flash column
to give 43 (0.346 g 35%) as white solid.
1

H NMR (400 MHz, CDCl3) δ: 8.38 (d, J = 7.8 Hz, 1H), 7.89 (d, J = 7.4 Hz, 1H), 7.79 (d, J = 9.0

Hz, 1H), 7.10 – 7.45 (m, 13H), 5.73 (s, 2H), 5.10 (s, 2H)

Synthesis of Compound 44
Trimethylsilyl azide (2 mL, 15 mmol) was added to a tBuOH and water solution (1 mL, 9:1) and
40 (2.58 g, 10 mmol) under Ar in a pressure vial. The reaction mixture was stirred at

100°C

for 12 h. The solution was extracted by DCM trice and then evaporated to yield the product.44(2.40
g 80%)
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Synthesis of Compound 45
44(5 mmol, 1.50 g) and PMPI(1.75 g, 7.5 mmol) was dissolved in 25 mL DMF, TMPOA(N1,N2di(naphthalen-1-yl)oxalamide, 0.34 g 1 mmol)and CuI(0.19 g 1mmol) was added under Ar
condition. The reaction was heated to 100°C for 12 h. After adding NH3 solution(1M) to quench
the reaction, the mixture was extracted by EA trice. The organic layer was dried and evaporated to
form the raw product. The raw product was purified with flash column to give the pure product
45(1.63 g, 80%)
1

H NMR (400 MHz, CDCl3) δ: 8.11 (s, 1H), 7.90 (m, 3H), 7.75 (m, 3H), 7.10 – 7.55 (m, 9H),

5.10 (s, 2H)

Synthesis of Compound 48
47(2.04 g 10 mmol) was dissolved into t-BuOH and water solution(4:1, 100 mL in total), PMPN3
(2.25 g, 15 mmol), CuSO4 (0.32 g, 2 mmol), NaVc(0.40 g, 2mmol) was added. The reaction was
heated to 100°C for 12 h. The reaction was poured into water/ether mixture to separate and
extracted with more ether. The organic layer was then dried with MgSO4 and evaporated to give
pure 48(2.00 g, 80%).
1

H NMR (400 MHz, CDCl3) δ: 8.11 (s, 1H), 7.90 (d, J = 7.4 Hz, 2H), 7.68 (d, J = 8.7 Hz, 2H),

7.45 (t, J = 7.4 Hz, 2H), 7.37 (d, J = 7.3 Hz, 1H), 7.03 (d, J = 8.7 Hz, 2H), 3.87 (s, 3H).
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Synthesis of Compound 49
38(1.80 g 5 mmol) and 48(1.26 g 5 mmol) was dissolved in dry DMF(20 mL) under Ar condition,
CuI(0.48 g, 2.5 mmol) and LiOtBu(0.60 g, 7.5 mmol) was added into the solution, the reaction
was heated to 140°C for at least 12 h. The mixture was poured into water then extracted by EA
trice. The organic layer was washed with saturated NH3 solution, then NH4Cl solution and brine,
after that, dried with Na2SO4 and purified with flash column to give the pure product 49(1.33 g,
80%).
1

H NMR (400 MHz, CDCl3) δ: 8.02 (s, 1H), 7.90 (d, J = 9.1 Hz, 1H), 7.81 (d, J = 4.7 Hz, 1H),

7.55 (d, J = 3.6 Hz, 3H),7.10-7.40(m, 10H), 6.95 (d, J = 6.3 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 5.01
(q, J = 12.7 Hz, 2H), 3.71 (s, 4H).

Synthesis of Compound 50
To a stirred suspension of 5.00 g (17.7 mmol) 38 and PdCl2(PPh3)2 (0.62 g 5 mol%) under a
nitrogen atmosphere in dried TEA(100 mL) were added CuI (0.34 g 10 mol%) and then 3.61 g
（35.4 mmol） ethynylbenzene and heated to 80°C. The course of the reaction was monitored by
TLC(at least 8 h). After completion of the conversion the mixture was allowed to come to r. t., the
organic phase was washed thrice with water. The aqueous phase was re-extracted once, the
combined organic layers were dried over MgSO4, the solvent was removed under reduced pressure
and the residue was purified by flash-chromatography to give 3.89 g (70%) 50 as yellow oil.

35

1

H NMR (400 MHz, CDCl3) δ: 8.36 (d, J = 8.3 Hz, 1 H), 7.81 (m,2 H), 7.68 (dd, J = 7.8, 1.5 Hz,

2 H), 7.56 (t, J = 7.2 Hz, 1 H), 7.43–7.33 (m, 4 H), 7.27 (d, J = 8.5 Hz, 1 H), 4.06 (s, 3 H)

Synthesis of Compound 51
In a 100 mL round bottom flask, 50 (0.50 g, 2 mmol) was dissolved in MeCN (50 mL), NaN3
(0.19 g, 3mmol), PhI(OAc)2 (0.64 g, 2 mmol) was added and the reaction mixture was stirred at
room temperature under nitrogen atmosphere. The reaction is monitored by thin layer
chromatography (TLC).After the alkyne was completely consumed, the reaction mixture was
concentrated to give the raw 51(0.39 g 65%).

Synthesis of Compound 52
To a stirred suspension of compound 51 (0.60 g 2 mmol) acetone solution, K2CO3 (0.55 g 4 mmol)
was added. After stirring for 5 minutes, BnBr (0.68 g 4 mmol) was added. The reaction was stirring
for 12 h. The whole reaction was evaporated in vacuum to get rid of the remaining BnBr, then
residue was washed with HCl(1 M) and EA. The organic solution was dried over Na2SO4 and the
solvent was evaporated in vacuum to give the mixture. The mixture was purified with flash column
to give 52 (0.39 g 50%) as white solid.
1

H NMR (400 MHz, CDCl3) δ: 7.94 (d, J = 9.0 Hz, 1H), 7.87 – 7.76 (m, 1H), 7.48 – 7.28 (m,

11H), 7.15 (d, 3H), 5.73 (s, 2H), 3.64 (s, 3H).
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Synthesis of Compound 53
To a stirred suspension of 5.00 g (17.7 mmol) 38 and PdCl2(PPh3)2 (0.62 g 5 mol%) under a
nitrogen atmosphere in dried TEA(100 mL) was added CuI (0.34 g 10 mol%) and then 5.38 g
（35.4 mmol） 1-ethynylnaphthalene. The reaction was heated to 80°C. The course of the reaction
was monitored by TLC(at least 8 h). After completion of the conversion the mixture was allowed
to come to r. t., the organic phase was washed thrice with water. The aqueous phase was reextracted once, the combined organic layers were dried over MgSO4, the solvent was removed
under reduced pressure and the residue was purified by flash-chromatography to give 4.26 g (78%)
53 as yellow solid.
1

H NMR (400 MHz, CDCl3) δ: 8.58 (m, 2H), 8.01 –7.81 (m, 6H), 7.74 – 7.44 (m,5H), 7.27 (d, J

= 8.5 Hz, 1 H)

Synthesis of Compound 54
In a 100 mL round bottom flask, 53 (0.61 g, 2 mmol) was dissolved in MeCN (50 mL), NaN3
(0.19 g, 3mmol), PhI(OAc)2 (0.64 g, 2 mmol) was added and the reaction mixture was stirred at
room temperature under nitrogen atmosphere. The reaction is monitored by thin layer
chromatography (TLC).After the alkyne was completely consumed, the reaction mixture was
concentrated to give the raw 54(0.41 g 59%).
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Synthesis of Compound 55
To a stirred suspension of compound 54 (0.70 g 2 mmol) acetone solution, K2CO3 (0.55 g 4 mmol)
was added. After stirring for 5 minutes, BnBr (0.68 g 4 mmol) was added. The reaction was stirring
for 12 h. The whole reaction was evaporated in vacuum to get rid of the remaining BnBr, then
residue was washed with HCl(1 M) and EA. The organic solution was dried over Na2SO4 and the
solvent was evaporated in vacuum to give the mixture. The mixture was purified with flash column
to give 55 (0.77 g 65%) as white solid.
1

H NMR (400 MHz, CDCl3) δ: 8.17 (d, J = 8.2 Hz, 1H), 7.82 – 7.66 (m, 6H), 7.54 (d, J = 7.4 Hz,

2H), 7.47 – 7.28 (m, 6H), 7.20 (m, 2H), 7.04 (d, J = 9.1 Hz, 1H), 5.85 (s, 2H), 3.17 (s, 3H).

Synthesis of Compound 56
To a stirred suspension of 5.00 g (17.7 mmol) 38 and PdCl2(PPh3)2 (0.62 g 5 mol%) under a
nitrogen atmosphere in dried TEA(100 mL) was added CuI (0.34 g 10 mol%) and then 2.91 g
（35.4 mmol）3,3-dimethylbut-1-yne. The reaction was heated to 80°C. The course of the reaction
was monitored by TLC(at least 8 h). After completion of the conversion the mixture was allowed
to come to r. t., the organic phase was washed thrice with water. The aqueous phase was reextracted once, the combined organic layers were dried over MgSO4, the solvent was removed
under reduced pressure and the residue was purified by flash-chromatography to give 3.54 g (87%)
56 as yellow oil.
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1

H NMR (400 MHz, CDCl3) δ: 8.30 (d, J =8.1 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.60 (d, J = 7.2,

1H), 7.76–7.38 (m, 4H), 1.43 (s, 9H).

Synthesis of Compound 57
In a 100 mL round bottom flask, 56 (0.48 g, 2 mmol) was dissolved in MeCN (50 mL), NaN3
(0.19 g, 3mmol), PhI(OAc)2 (0.64 g, 2 mmol) was added and the reaction mixture was stirred at
room temperature under nitrogen atmosphere. The reaction is monitored by thin layer
chromatography (TLC). After the alkyne was completely consumed, the reaction mixture was
concentrated to give the raw 57(0.19 g 34%).

Synthesis of Compound 58
A 25 mL round-bottomed flask is equipped with a stirring bar, nitrogen inlet, rubber
septum. The flask is charged with PhOH (3.0 mmol), 57 (2 mmol), triphenylphosphine (PPh3) (3.0
mmol), and 12 mL of distilled tetrahydrofuran (THF). The flaskis immersed in an ice bath, and
diisopropyl azodicarboxylate (3.0 mmol) is added dropwise such that the temperature of the
reaction mixture is maintained below 10°C Up on completion of the addition, the flask is removed
from the ice bath and the solution is allowed to stir at room temperature for 3 hours, and monitored
by TLC. After the reaction is completed,30 ml of water is added to quench the reaction. the mixture
is extracted three times with 20 mL portions of ethyl acetate. The combined organic layers are
washed with 20 ml brine twice and dried over anhydrous sodium sulfate (Na2SO4). Excess solvent
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and other volatile reaction ncomponents are completely removed under reduced pressure initially
on a rotary evaporator. The residue is applied to a flash silica gel chromatography column to give
the 58(0.36g, 50%)
1

H NMR (400 MHz, CDCl3) δ: 7.90 (d, J = 9.0 Hz, 1H), 7.82 – 7.73 (m, 1H), 7.41 – 7.27 (m,

8H), 7.15 (d, J = 8.9 Hz, 1H), 5.63 (s, 2H), 3.83 (s, 3H), 1.13 (s, 9H).

Synthesis of Compound 60
59 (0.20 g 1 mmol) was dissolved in 10 mL dry THF then cooled down to -78°C, nBuLi(2.5 M in
THF 0.4 mL) was added dropwise. The reaction was stirring for 20 mins then DMF (0.1 mL) was
added. The reaction was stirring in the dry ice acetone bath for addition 2 hours. After confirm the
59 was fully consumed, brine was added into the solution to quench the reaction. The mixture was
extracted with EA trice and organic layer was dried with Na2SO4. Evaporated the EA to give the
pure 60(0.18 g, 80%)
1

H NMR (400 MHz, CDCl3) δ: 9.63(s, 1H), 5.47(s, 2H), 4.95(s, 2H)

Synthesis of Compound 61
60(0.23 g 1 mmol) was dissolved in 10 mL menthol then NaBH4(0.04 g 1 mmol) was added. After
1 hour, the reaction was quenched with brine, then poured into the mixture of water and EA to
separate and be extracted with EA trice. The organic layer was evaporated to give the 61(0.20 g
86%)
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Synthesis of Compound 62
61(0.23 g 1mmol) was dissolved in 10 mL dry THF under Ar condition and ice bath, PBr3 (0.1 mL
1mmol) was added dropwise into the solution. After finishing adding, the reaction was put in the
room temperature for 2 hours. Then brine was added to quench the reaction. The mixture was
extracted with EA trice then the organic layer was dried with Na2SO4 and evaporated to get the
pure 62(0.21 g 70%).

Synthesis of Compound 63
To a solution of 57(0.28 g, 1 mmol) in acetonitrile (10 ml) was added a 25% solution of NaOH
(0.1 ml) and a solution of 62 (0.29 g, 1 mmol); the reaction mixture was stirred for 24 h. Then the
reaction mixture was poured into water, extracted with ethyl acetate, organic layer was washed
with water (1х50 ml) and brine (2х50 ml), dried over Na2SO4. The solvent was removed in vacuum,
then purified with flash column, only N1 product 63(0.22 g 45%) was obtained.
1

H NMR (400 MHz, CDCl3) δ: 8.05 (s, 1H), 7.86 (s, 1H), 7.36 (s, 3H), 6.96 (s, 1H), 4.63 (d, J =

9.5 Hz, 2H), 4.48 (s, 2H), 4.27 (s, 1H), 3.97 (s, 1H), 3.85 (s, 3H), 1.14 (s, 9H).
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